Cell signalling events elicited by asbestos may lead to two fibrous preparations with marked potential to induce mesothelial cell proliferation, producing tumour initiation, mesothelioma, were associated with increases in EGFR promotion and progression. In this scheme of events, alterations protein expression over sham controls, whereas chrysotile in gene expression by asbestos initiated at the plasma asbestos and milled (non-fibrous) crocidolite did not.
the short fibres lacked pathogenic activity. Many fibres in the Asbestos fibres have been shown to stimulate the mitogenlong-fibre amosite preparations in studies by Davis et al. (4) activated protein kinase signalling cascade in rat pleural were in the 'Stanton range', whilst there were no 'Stanton' mesothelial (RPM) cells after autophosphorylation of the fibres in the short-fibre preparation. Complementary studies epidermal growth factor receptor (EGFR). We examined by Donaldson et al. (5) have shown that the long-fibre sample if mineral fibres with known carcinogenicity can be is many times more active than the short-fibre sample in discriminated from materials with less or no carcinoproducing inflammation, a characteristic response to carcinogenicity by their ability to up-regulate expression of EGFR genic mineral dusts. protein in RPM cells in vitro. Crocidolite and erionite, Cell signalling events elicited by asbestos may lead to two fibrous preparations with marked potential to induce mesothelial cell proliferation, producing tumour initiation, mesothelioma, were associated with increases in EGFR promotion and progression. In this scheme of events, alterations protein expression over sham controls, whereas chrysotile in gene expression by asbestos initiated at the plasma asbestos and milled (non-fibrous) crocidolite did not.
membrane may facilitate chronic cell proliferation. Sustained Intense patterns of EGFR protein expression were linked cell proliferation appears to be a universal factor in human to RPM cells phagocytosing long fibres. To determine the cancers (6) and in this process cancer appears to result from role of EGFR expression in these cells, we assessed cell genetic errors induced or fixed during the process of cell proliferation using an antibody against proliferating cell division, as increased mitogenesis increases the risk of multiple nuclear antigen (PCNA) in combination with an antibody genetic defects, including mutations, translocations and ampliagainst EGFR. In these co-localization studies, cells showed fication of oncogenes. Recent studies in mesothelial cells have intense staining for EGFR protein 24 h before being PCNA shown that asbestos fibres activate the 'early response' protopositive at 48 h. These results suggest that carcinogenic oncogenes c-fos and c-jun (7) . Unlike the classical tumour fibres induce EGFR and initiate cell signalling cascades in promoter phorbol 12-myristate 13-acetate (TPA). TPA, which mesothelial cells, leading to cell proliferation and carcinoinduces transient increases in c-fos and c-jun mRNA peaking genesis.
at l h, crocidolite causes persistent induction of these protooncogenes and related transcription factors for ജ24 h and may serve as a chronic stimulation for cell proliferation after Introduction deposition of fibres in the lung or pleura. The induction of Occupational exposure to asbestos, a family of fibrous gene expression is dose-dependent and is not observed with crystalline silicates, is the causative agent associated with the polystyrene beads or riebeckite, which is chemically similar development of diffuse malignant mesothelioma, a fatal tumour to crocidolite but non-fibrous, and suggests that fibre geometry arising from the mesothelial lining in the pleura and peritoneal is critical in proto-oncogene induction (8) . cavities (1). Although mechanisms of fibre carcinogenicity are
Interaction of fibres with cell surface receptors before not well understood, several properties of fibres, such as their the initiation of the signalling cascade in the regulation of physical dimensions (length and diameter), biopersistence and immediate early genes may be important with asbestos. surface reactivity, are thought to play an important role, Mitogen-activated protein (MAP) kinases are members of a contributing to chronic inflammation and unregulated proliferafamily of enzymes involved in regulating the response of tion of the target cells of the pleura (2). eukaryotic cells to extracellular signals (9) . Activation of MAP Previous in vivo studies by Stanton et al. (3) have shown a kinase is involved in the upstream events leading to c-fos relationship between fibre length and pathogenicity. These and c-jun transcription because, after phosphorylation, MAP studies, with intrapleurally implanted fibres, showed that fibres kinases, specifically extracellular signal-regulated kinases Ͼ8 µm in length and Ͻ0.2 µm in diameter had greater ability (ERKs), translocate to the nucleus phosphorylating substrates to cause mesothelioma. In rodent inhalation and intrathat are involved in the trans-activation of the proto-oncogenes (10 and by tyrphostin AG 1478, a specific inhibitor of the EGFR negative control coverslips were incubated with CMFPBS/1% BSA in the absence of primary antibody. The cells were then labelled with a rhodamine- Throughout the experiments, levels of laser emission were kept the same for a Results obtained from scanning electron microscopy.
all the samples and both photomultiplier tube settings were kept constant. The b Not determined, as no fibres were observed by scanning electron respective emissions were detected and cell preparations were optically microscopy.
sectioned. Optical data stacks were combined into a maximum projection and stored as true colour 24-bit digital images. The digital images were imported into Adobe Photoshop software and colour output was obtained using a Kodak tyrosine kinase (12) . It is possible that the EGFR plays a dye sublimation printer.
critical role in the carcinogenic process by asbestos. Studies extracted by centrifugation at 14 000 r.p.m. for 5 min at 4°C; the supernatant was designated as the nuclear protein extract and stored at -80°C. Electrophoretic mobility shift assays (EMSAs) were performed using procedures
Materials and methods
described previously (18) . Briefly, 4 µg of a nuclear protein extract was Cell culture and exposure to test agents incubated for 20 min at room temperature in DNA binding buffer containing Male Fischer 344 rats aged 12-20 weeks were killed by exsanguination under 40 mmol/1 HEPES buffer, 4% Ficoll, 200 ng of poly(dI)·(dC) per µl, 1 mmol/ halothane anaesthesia and the thorax was opened. Rat pleural mesothelial 1 MgCl 2 , 0.1 mmol/1 DTT and 0.175 pmol of a 32 P-end-labelled double-(RPM) cells were isolated by gentle scraping of the parietal pleura as stranded oligonucleotide containing a consensus activator protein-1 (APdescribed by Jaurand et al. (15) . Cells were propagated for four passages 1) site (Promega, Southampton, UK). Samples were loaded on to a 4% and maintained in Dulbecco's modified Eagle's medium (DMEM)/F-12, polyacrylamide gel and electrophoresed in 0.25ϫ Tris-borate-EDTA buffer supplemented with penicillin (50 units/ml), streptomycin (100 µg/ml), confor 2 h at 120 V. Gels were dried for 1 h at 80°C and visualized by taining 15% fetal bovine serum (FBS), hydrocortisone (100 ng/ml), insulin autoradiography by exposure to Kodak X-Omat film (Sigma). Subsequently, (2.5 µg/ml), transferrin (2.5 µg/ml) and selenium (2.5 ng/ml) as described by radioactivity in retarded binding complexes was quantified on a Phosphoimager Heintz et al. (7) . Cells were grown to confluency for nuclear protein (Molecular Dynamics, UK). The specificity of AP-1 DNA-binding patterns preparations or 70% confluency on coverslips (no. 1, 19 mm diameter; Chance was characterized using a 10-fold excess of unlabelled AP-1 oligonucleotide Proper Ltd, Warley, UK) for immunofluorescence studies; 24 h before exposure that competed away all binding complexes, whereas excess of nuclear factorto mineral dusts or test agents, cells were switched to medium containing κB (NF-κB) oligonucleotide did not modify gel-shift complexes, demonstrating reduced serum (0.5% FBS). Mineral dusts were suspended in DMEM/F-12 at the specificity of AP-1 gel-shift patterns. 1 mg/ml, sonicated for 4 min in a water bath, triturated eight times with a 22-gauge needle and then added to the medium to give final concentrations 
Results

laser-scanning microscopy
Rome, OR, USA and a respirable sample prepared as described previously (16). Physical characteristics of the mineral fibres are given in Table I. To determine if mineral dusts increase EGFR protein expression Figure 2D and E, respectively). Up- was greater in crocidolite-treated cells than in sham controls (Figure 3) . To determine if cell proliferation is the phenotypic outcome number of shorter fibres showed negligible immunostaining for EGFR and remained polygonal in morphology.
of asbestos-mediated EGFR protein expression, as EGF is a potent mitogen in mesothelial cells, we assessed the immunoTo investigate whether crocidolite asbestos increases the amount of newly synthesized EGFR protein rather than rereactivity of antibodies against EGFR and PCNA, a marker of cell proliferation, in mesothelial cells exposed to crocidolite, by distributing protein within RPM cells, we incubated cells with crocidolite for 8 h after pre-treatment for 30 min with dual fluorescence labelling with secondary antibodies linked to rhodamine (red) and fluorescein (green), respectively. Crocicycloheximide, an inhibitor of protein synthesis, and with 
EMSA analyses of AP-1-DNA binding in mesothelial cells
To determine if crocidolite asbestos induces AP-1-DNA binding in RPM cells via a mechanism dependent on expression of EGFR protein, we incubated RPM cells in the presence of suramin or tyrphostin AG 1478, inhibitors of membrane receptor binding and EGFR, respectively. In RPM cells treated in the presence of suramin, crocidolite-mediated increases in AP-1-DNA binding activity were significantly reduced (P Ͻ 0.05, Figure 5A ). A similar effect was observed when suramin was replaced by tyrphostin AG 1478 in the incubation (P Ͻ 0.05; Figure 5B ). reactions on the fibre surface, producing reactive oxygen species (ROS), which are both mutagenic and mitogenic (19) (20) (21) . Oxidant-dependent and -independent mechanisms dolite increased EGFR protein expression at 24 h and both EGFR and nuclear PCNA at 48 and 72 h exposure, with TNFα may explain why asbestos fibres over a certain length (8 µm) are more potent in inducing mesothelioma than shorter fibres as a positive control for PCNA at both time-points (Figure 4 ; data for 72 h not shown). No increase in PCNA expression (4). Larger asbestos fibres are able to induce greater release of ROS from alveolar and peritoneal macrophages than shorter was observed at 8 h (data not shown) and 24 h. fibres, which is thought to be due to incomplete phagocytosis mechanisms by which this viral antigen enhances the transformation of resting cells may be related to its ability to (22) . Asbestos fibres, but not their non-fibrous analogues, can directly trigger cell signalling pathways in mesothelial cells stimulate or repress the transcription of certain genes. Thus, a wide variety of proto-oncogenes encoding growth factors that are initiated at the cell surface (11, 23) . These recent studies show that activation of the MAP kinase cascade in and growth factor receptors could be affected by SV40 in combination with asbestos and the effect of SV40 on EGFR mesothelial cells (11) occurs after a number of phosphorylation events, including autophosphorylation of the EGFR. Subseexpression by asbestos cannot be ruled out in the investigations using the MET 5A cell line (36) . quently, there is activation of transcription factors such as NF-κB (24) and AP-1 (7), which are associated with the transIt has been demonstrated in a number of cell types that the addition of epidermal growth factor (EGF) causes autoactivation of intermediate early response genes important in cell proliferation and carcinogenesis.
phosphorylation of the EGFR that in turn activates the MAP kinase cascade linked to trans-activation of proto-oncogenes In the present studies we have shown for the first time in normal RPM cells that crocidolite asbestos and erionite, two important in mitogenesis (38). In the present studies we have shown that crocidolite asbestos up-regulates the phosphorylated chemically different fibres both known to induce mesothelioma in rats and humans, increase the expression of a growth form of the EGFR by immunofluorescence using a monoclonal antibody directed against the active form of this growth factor factor receptor protein, EGFR, whereas non-fibrous milled crocidolite, which does not cause mesothelioma, did not receptor. Mesothelial cell fibre interactions lead to a number of phosphorylation events associated with the EGFR signal increase the expression of EGFR protein in RPM cells. We also compared the effect of chrysotile fibres and found that transduction pathway, involving MAP kinase. The functional implication of EGFR protein expression has not previously they did not cause intense immunostaining for EGFR protein expression. As recent reviews have indicated, the ability of been determined with crocidolite asbestos. In contrast to a number of other growth factors, addition of EGF to mesothelial chrysotile to induce mesothelioma in humans is still vigorously debated (25,26). It is agreed, however, that amphiboles such cells induces cell proliferation (39). In the present work, we have shown by co-immunofluorescence that expression of as crocidolite are much more potent than chrysotile. This difference is not always apparent in animal inhalation studies, EGFR protein in mesothelial cells precedes the expression of PCNA, a marker of cell proliferation, following exposure but there are differences according to the source of the chrysotile, in particular whether it is contaminated with the to crocidolite asbestos. Downstream events following the initiation of cellular amphibole tremolite (27) . Erionite has consistently proved more potent than all other fibres in this type of study (28) .
signalling events at the plasma membrane by asbestos involve the activation of transcription factors, such as AP-1, that are Even more diverse findings have been obtained after fibres have been injected intrapleurally, when they come into important in cell proliferation (40). Using both suramin, a compound that uncouples G-proteins from receptors and immediate contact with mesothelial cells. In one sense, of course, this mode of administration is more relevant to the prevents receptor function (41) and tyrphostin AG 1478, a potent and selective inhibitor of EGFR itself (42), we have present in vitro study, where pleural mesothelial cells are exposed directly to the fibres. Chrysotile has frequently proshown that the activation of growth factor receptors, notably EGFR, by asbestos is crucial to the initiation of signalling duced mesotheliomas in these circumstances, but where UICC chrysotile B has been compared with UICC crocidolite, the events leading to AP-1 induction in mesothelial cells by asbestos. latter is more potent at inducing mesothelioma (29). Other forms of chrysotile have sometimes been as effective as In summary, we have shown that fibres with the greatest potential to induce mesothelioma show the most marked crocidolite (30,31). Similarly, after intraperitoneal injection, UICC chrysotile B was less effective than crocidolite, though up-regulation and activation of EGFR in RPM cells. This supports the view that chronic expression of EGFR protein this was without statistical significance (32), and other forms of chrysotile could be as effective or more so (33). Again and subsequent proliferation of mesothelial cells are involved in the chain of events leading from asbestos exposure to erionite is always the most effective fibre (28, 34) . From this we conclude that the difference in EGFR expression in vitro neoplastic progression. between UICC crocidolite and UICC chrysotile B is consistent with their relative potency in inducing mesothelioma in vivo.altered distribution of the growth factor receptor protein. in vitro cellular function and cause transformation (37). The
